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Abstract 
The Cretaceo us-age d Antlers Fo rm ation cro ps out in severa l co unti es j ust 
north of the Texas border in southern and south eas tern Okl ahoma. The Antlers is 
co mp osed of sands , co nglomera tes. c lays , and limes tones that lie unconformably ove r 
Paleozo ic roc ks, which for ms the Antl ers Aqui fe r, the fo urth larges t aqui fe r in 
Ok lahoma in term s o f sto rage vo lum e. Th ere have been no hydro geo log ic 
inves tigat ions of the aqui fer since a 1992 USG S report that estim ated the hydraulic 
condu ctivity to range from 0.87- 3.75 ft/day. In the absence of compr ehensive studie s 
of the An tlers. the goa ls of thi s stud y we re to exa min e ex ist ing depos itional models of 
the Antlers and und erstand the geo log ic contro ls on the aquif er·s hydrauli c properties 
in Marshall. John ston, and Ca rter Co unti es. Field inves tigation s includ ed ob servation s 
of lith olog ies and outcrop characte rist ics. Sampl es were co llected from num ero us 
loca tions that we re spatia lly distribut ed thro ughout the stud y area. Laboratory studi es 
included gra in-size analyses , which were used to es tim ate hydrauli c conducti vity of 
the Antlers. 
Base d on fie ld observa tions, the prev iously pos tul ated depos ition al 
environm ent of delta ic and alluvial fan depo sits that tran sitioned into flu vial 
environm ents appea rs to be reaso nable . Sampl e co llection and laboratory analyses 
result ed in grain size di stributi ons for 35 sampl es from 10 outcrop s. Hydraulic 
conducti vity of the sa mpl es ranged from 1.19-1 98.86 ft/d using the Haze n method . 
Specific capac ity data anal ys is and slug testin g were compl eted to compar e the 
subsurface hydraulic conducti vity (0.11-31 .38 ft/day) to the prop erties computed for 
XI 
outcrop material. The large ran ge of hydraulic co nducti vities using the Haze n 
Equation is co nsistent w ith the highly va riabl e lith ology observe d in the fie ld . The 
res ult s of the speci fic ca pac ity tes ts and slug tes ts have a larger range and higher 
va lues than prev ious co nce ptual models and report s on the Antl ers. Base d on observe d 
outcro p charac terist ics . labora tory analyses . and fie ld (we ll) tes t result s, thi s stud y 
shows that a more heteroge neo us A ntl ers is prese nt in the surface and subsurface with 
a broader range and higher ave rage hydraulic co nducti vity than was prev iously 
reported. 
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Chapter 1: Introduction 
1.1 Overview 
Water availability (i.e .. quantity) and qualit y are both important fo r municip a l 
and domestic water supp lies. Geo log ic and clim atic conditions affect wate r suppli es 
that are derived from groundwa ter syste ms. In so me regions . such as in the 
midcontinental United States . the ever present threat of drought makes it especia lly 
important to understand gro und wate r ava ilabilit y and how geo log ic va riab ilit y 
impacts gro undw ater recharge and suppl y. 
This stud y foc uses on the Cretaceo us-aged Antlers Formation and Antlers 
Aquifer in southern and sout heastern Oklahoma. The Antlers Aquifer has the fou rth 
larges t storage vo lum e of the aq ui fers in the sta te of Oklahoma (Tab le I ), but it has 
not been well character ized. Few previous studi es have bee n published on the 
forma tion an d aquifer, and there have been no detailed studi es on small-sca le, 
sedime nto logic and hydrogeologic charac teristic s of the Antlers. The goals of thi s 
study are to better understand the geologic charact er ist ics and variabi lity of A ntler s 
outcrop material. and cor relate with subsurfac e hydrogeologic properties , where 
possible , using a combinatio n of field and laboratory investigation methods. 
Table 1: Storage volumes (in acre-feet) of Oklahoma aquifers (from OWRB, 
2012) 
. Aquifer :·:. · ' ' .... , · · . Storage (Acre-. 
. ,. ·: .. · . , ' 'Feet) .·_·;.\ 
• High Plains {Ogallala) 90,590,000 
• Rush Springs 79,838,000 
• Central Oklahoma 58,583,000 
• Antlers 53,570,000 
• Roubidoux 43,029,000 
• Boone 33,751,000 
• Pennsylvanian 26,382,000 
• El Reno 18,750,000 
• Vamoosa-Ada 14,931,000 
• North Central Oklahoma 14,250,000 
II East Central Oklahoma 13,940,000 
II Woodbine 12,630,000 
1.2 Study Area 
The Antlers is located in south -central and southeastern Oklahoma , and crops 
out on the surface in nine counties along the borders with Arkansas and Texas (Figure 
I). Eastern Carter , southern Johnston , and northern Marshall Cou nties were selected 
as the primary study areas because outcrop materials for the Ant lers were accessible 
and wou ld potentially yie ld an adequate numb er of vertical and lateral exposures. 
Numerous water wells were also completed in the Antlers Aq uifer in this region , 
which provide an opportunity to characterize hydrogeologic properties of the Ant lers. 
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Figure l: Location s of Antler s outcrops in southern and southeastern Oklahoma 
Chapter 2: Background 
Base d on the 20 10 U.S. Ce nsus. approx imately 67,687 people live within the 
bound ary of the Antlers Aqui fer in Oklahoma (US Census Bur eau, 2010 ). The larges t 
population that uses water from the Antl ers is the tow n of Du rant in Bryan Co unty 
with a popul ation of 15,856. Madill (3 ,770 ) in Marshall Co unty, and Ti shomin go 
(3,034) in John ston Co unty are the larges t town s within the stud y area. 
2.1 Geologic Setting 
The Antlers is lowe r Cretaceo us (Apti an to Albian ) in age and has been 
interpreted as a mixture of non-marin e and tran sgress ive, marin e sediment s that were 
depos ited when the inland Cretaceous sea wa y cove red central No rth America. The 
low er part of the Antl ers is compo sed of deltaic sequence s and the upper part is 
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shallow marine with fluvial deposits (Hobday et al, 1981 ). Because the lithologies are 
variable in addition to being laterally and vertically discontinuous, it is difficult to 
make a strat igraphic column for the Antlers (Huffman et al, 1987). 
Sediments comprising the Antlers were eroded from the Wichita-Arbuckle-
Ouachita highlands to the no,th (Hobday et al, 1981 ). and delivered as detrital alluvial 
fans into the inland seaway as seawater transgressed over North America (Figure 2). 
As the seaway continued to transgress from the southeast to the no,thw est, shoreline 
and nearshore sediments were accumulated in present day southeastern Oklahoma and 
no1th-central Texas (Figure 3). The tluvial, deltaic. and stand plain unit is laterally 
equivalent to the Trinity Group in Texas (Hobday et al, 1981 ). 
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Figure 2 : Ini tial deposition of the Antlers (modified from Hobday et al, 1981) 
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Subsequent Antlers Deposition 
Explanation 
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Figure 3: Subsequent deposition of the Antlers (modified from Hobday et al, 
1981) 
The Ant lers dip s to the southeast at arou nd 50 fee t per mile (Manley , 1965) , 
and is thicker in the southe ast. The formatio n is vert ically and latera lly discontinuous , 
so the compositions of the depo sits are variab le depending on location (Fre drick son, 
1965). The Ant lers is composed of sands, clays, siltstones , and limesto nes that 
uncomform ably overlie Paleo zo ic rocks . The base of the Antlers is composed of 
limes tones and conglo merate pebbles that are probably related to the underl ying 
Paleo zo ic rock s. The pebbles are mainly composed of quartz and chert clasts that can 
be up to 7.5 cm in diameter (Fredrickson , 1965). The conglomerates are not limit ed to 
the basal unit s of the forma tion; they are also observed as elongate , lens-like bodi es 
throughout the rest of the lowe r part of the formation . Many of the conglomerates are 
cemented wit h opaq ue, white cement that forms a hard , glassy quartz arenite. 
Car bonized wood has also been found in the lower parts of the formation. Poorly 
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cemented sandstones , pack sands , and sandy shales comprise the upper part of the 
Antlers Formation . The vast majority (>95%) of the sands are fine- to medium 
grained quartz. 
The Antlers tends to create a hilly topography with sandy soils , which supports 
substantial vegetation that covers and obscures potential outcrops (Holtzman , 1978). 
Due to the vegetation. the actual thickness of the formation has been difficult to 
discern (Fredrickson , 1965). Hart and Davis ( 1981) estimated the thickness of the 
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Figure 4: Location s of Antlers outcrops and approximate thicknesses of the 
formation in southern and southeastern Oklahoma (modified form Hart and 
Davis, 1981) 
A strati gra phic column of the ove rlying and und erlyi ng for mati ons is show n in 
Figure 5. Above the Ant lers is the Good land Limestone , a light gray , fine crystalline 
wackestone (Bridges , 1979) , of the Fredricksb urg Gro up . This contac t appears to be 
conformabl e, and the thickne ss of the Good land ranges from 20- 55 feet (H uffma n et 
al, 1975). The Goodland acts as a low permeability barrier and a vertical confinin g 
unit when present over the Ant lers (Morto n, 1992) . The formati on und er the Ant lers is 
the Mi ss issippian- age Sycamore Limestone . In sout hern Marshall Co unty, the 
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Cretaceo us uni ts are interrupt ed by the so utheas t-northw estern trend ing Kin gsto n 
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Figur e 5: Stratigraphic column of the Lower Cretaceous units in Marshall 
County. Thickne sses are not to scale. (modified from Huffman et al, 1987) 
The major ity of rece nt studi es on the Antlers in Oklahoma foc used on the 
din osa urs and other ve rtebrate fos sils fo und in the form ation. Studies of the geo logy 
and hydrogeo logy in so uthern and southeas tern Oklahoma include a 1979 Bryan 
Co unt y report and a 1987 Marshall Co unty report by the Okl ahoma Geo logical 
Survey (OGS) . a 1981 report by Hart and Dav is of the OGS on the hydro geo logy of 
the aqui fer. and a 1992 report by Robert Morton in coo perati on w ith the U.S. Army 
Co rp of Enginee rs descr ibin g a simul ation of ground wa ter flow. There have been no 
publi shed repo1ts on the Antlers hydro geo logy since the 1992 Morton paper. 
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2.2 Hydrogeologic Setting 
The Ant lers Aqu ifer is the fowth largest aqu ifer in Oklahoma, in terms of total 
wate r storage. with approximate ly 53.5 million acre-feet of water in storage (OWRB, 
2012). While the area that depends on water from the aq uifer is not very populated , 
there are some municipal water supp liers that rely on the Antl ers. Unconfined on the 
surface, the you nger Good land Limestone (and some tim es the Baum Limestone) acts 
as a confi nin g unit whi le the older Paleozoic strata form the lowe r confining unit for 
the Ant lers (Morton . 1992). The saturated thickness of the aquifer ran ges from Oft 
near the northern boundary of the aquifer to more than 2,000 ft abo ut 25-30 miles 
south of the Red River in Texas (Morton . 1992). 
2.2. l Rainfall 
Southern and southeastern Oklahoma has a semi-humid to humid climate with 
hot summ ers and mild winters (Hait and Davis. 198 1 ). Acco rdin g to the Oklahoma 
Clim ato logica l Survey (OCS). the rainfa ll ranges betwee n 38.85 in/yr in Love Co unt y 
to 52.02 in/yr in McCurtain Cou nty. On average, southeas tern Oklahoma has the 
highes t ann ual precipitation in the state of Oklahoma (OCS , 20 15). The greatest 
amount of ra infa ll occ urs in Ap ril and May , wit h the lowes t amount in December and 
January (Hart and Davis , 198 1 ). 
2.2.2 Recharge 
Gro undwater rec har ge to the Antlers was estimated to range from 0.8- 3.0 
in/yr, with an average of I . 7 in/yr (Mo rton , 1992 ). Rechar ge is primaril y a function of 
the soi l type; for exa mple , loose , sand y, and loamy so ils will genera lly have higher 
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recharge rates than more clay-rich soils. Hart and Davis ( 198 1) estim ated that the 
recharge rate may be as high as 6.0 in/yr in some pa1ts of the Antlers outcro p . 
2.2.3 Discharge 
The outcrop area of the Antlers is drained by seve ral majo r tr ibutaries of the 
Red River including the Litt le Kiamichi. Mudd y Boggy, Blu e, and Was hita Rivers 
(Hart and Dav is. 198 1 ). Mo rt on ( 1992) sugges ted that mo st of the dischar ge fro m the 
Ant lers Aq uifer occ urs as base flow to streams, upwa rd leakage , o r pump age . Whil e 
there is little information about the discharge rates, Hart and Dav is ( 1981) meas ured 
rates fro m 0.4- 5.2 cubic fee t per seco nd (cfs) at fo ur loca tions durin g the fa ll and 
winter of 1975- 1976. 
2.2 . ./ Hyd raulic Conductivity 
Hart and Dav is ( 198 1) co nducted 2 1 aquifer tests in five loca tions across the 
aqui fer. Fro m these meas urements. hydraulic condu ctivity va lues we re estim ated to be 
fro m 0.87- 3.75 ft/day. umero us clay laye rs are prese nt in the formation ; howeve r, 
they are not co ntin uo us. allow ing the sands to be hydraulica lly co nnected. 
2.3 Previous Studies 
Despi te being a maj or source of water in these localities , surpri singly little is 
know n abo ut the form ation itse lf. To date, there have been no co mpr ehensive 
geo log ica l studi es on the format ion. The term "Antlers" was fir st prop ose d in 1894 to 
desc ribe the base of the Cretaceo us sys tem in Indi an Te rritory (now Oklahoma). 
Simil ar sands had been previously desc ribed in 1887 as "Dino saur Sands ". The name 
"A ntlers " was se lec ted beca use of the outcrops that we re located near the tow n of 
Antl ers in Pushmataha Co unty. The terms Trinit y, Paluxy, and Antlers were used 
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interchangeab ly until 1957. when Palu xy was ass igned to the sandston e-shale facies 
that are equ iva len t to the Walnut clay. Since that tim e, the Antlers has been 
considered to be eq uiva lent to the upp ermost Trinity and low er Fredricksburg Groups 
in Texas (Huffm an et a l. 1975). 
The OGS has published bulletins identi fy ing the geo logy and mineral 
resou rces of Bryan (H uffman et a l, 1978), Choc taw (Huffman et a l, 1975). Mar shall 
(Huffm an et a l. 1987), and Love (Fre drick sen, 1965) Counties. In eac h publication , 
the Antlers· ety mology . geo logy, and min era l reso urces are briefl y describ ed. The 
thickness of the Antlers was est imat ed in eac h bull etin beca use there we re no 
ident i tied locations that exposed an entir e vertical sec tion of the formation. 
Manley ( 1965) analyzed the clay min era logy and defined four distinct major 
min era l zo nes: a lowe r. mixed laye r illite-montmorillonite zone with an origin in the 
Ouachita Mountains to the no11heast. a montm orillit e-illite-kaolinite zo ne deri ved 
from the Ouachita and Arbuckl e Mountains, a montmorillonit e zone derived from the 
Anadarko Basin, and a kao linit e zo ne that was poss ibly derived from the Appalachian 
and Wichita Mountains. 
Whit e (1977) used geoc hemic al analys is and field investi gations to complete a 
stud y of the uranium potentia l of the Antlers. The stud y established ev idence for the 
ex istenc e of a uranium deposit in the Antlers; how eve r, the deposit(s) was not locat ed, 
nor was the size of the depo sit po stul ated. 
Desc ription s and maps of the Cretaceo us geology and stratigraphy were 
prepared for the northwestern (Holt zman , 1978) and southern (Bridges , 1979) parts of 
Marshall Co unt y. 
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Hobday et al ( 198 1) desc ribed, base d on out crop and subsurface studi es , the 
structur al co ntro ls on non-ma rine depos ition of the Antlers. Th eir stud y was focu sed 
on the Antlers and stratigra phica lly equi va lent depos its in north and central Tex as. 
The stud y sugges ts that va rious pul ses of tecto nic activity in the ea rly Cretace ou s 
created alluv ial fans that originated in the Wichita-Arbu ckle highlands in Oklah oma. 
Later. strea ms fro m the W ichita paleoplain, to the wes t. brou ght in the sand s that 
domin ate the formation. Coa rser sedim ents most likely originated from the Wichit a, 
Arbu ck le, and Ouac hit a Mountain s. They also es tim ated the max imum thickne ss of 
the Antlers to be 985 ft (300 m) in the subsurface of Texas. 
Hart and Dav is ( 198 1) fro m the OG S worked in co njun ction with the U. S. 
Geo log ica l Survey (USGS) to compl ete a stud y that bro adly describ ed the 
hydrogeo logy of the Antlers. Base d on their meas urements and data analyses . they 
es tim ate d rec harge rates , disc harge rates , and hydraulic conducti vities of the aqui fer. 
They also estab lished potenti ometric surface, base, top, thickn ess , and avera ge sand 
content maps for the fo rm ation. Chemica l analyses indicat ed that the wa ter in the 
northern areas of the form ation was of higher quality (i.e., lower total dis solved so lids 
co ncentrations) than wate r in the southern portions of the aqui fe r, and suitabl e for 
hum an consumpti on. Mos t we lls in the Antlers were able to yield 20- 100 gallon s per 
minu te (gpm ) fro m the aqui fer, but poo r we ll des ign allow ed for small sedim ent 
partic les to enter th rough the perforations, ofte n leadin g to pump failur es. More 
properly des igned we lls co uld withdraw water at a rate of 1, 700- 2,500 gpm . Th e 
storage for the aquif er was estimat ed to be about 44 .6 million acre-ft . Thi s was the 
12 
fir st (and to date , the last) hydrogeo log ic stud y of the Ant lers Formation and Antler s 
Aqui fer. 
Morton ( 1992) simul ated gro und- wa ter flow in the aquifer using data from the 
prev ious hydrogeo logy stud y as we ll as by co llec ting wa ter we ll and strea m 
information th roughout south ern and south eas tern Okl ahoma. Th e stud y area was 
divided into two di stinct zo nes that were di stinguished by di fferences in groundwat er 
flow properties. The stud y area was then represe nted using model cells, and each cell 
was pop ulated with ave rage hydra ulic properties for those loca tions. The model 
simul ations ind ica ted that the majo rity of the aqui fe r was in a stea dy state, with the 
only excep tions be ing the very northern areas. Base d on conserva tive proj ections for 
popul ation and gro und wa ter withdra wa ls from the aquif er. M01ton ( 1992) had few 
co nce rns abo ut long-term wa ter ava ilabilit y fro m the Antlers. 
After the Mor ton ( 1992) grou ndwa ter simul ation stud y. the maj ority of 
pub lished papers abo ut the Antlers exa min ed ve1tebra te foss ils that were di scove red in 
the form ation. These include some ve ry large terres tria l din osa urs such as 
Acrocanthosaurus atokensis (Curri e and Ca rpenter. 2000), Dienonyc hus antirrhop us 
(Brin km an et a l. 1998) , and Sauropo esiden pra te/es (Wedel et al, 2000), which was 
one of the larges t sauropods eve r studi ed . Fish, amph ibians, and ea rly mammal s we re 
among the other foss ils that we re studi ed (C ifelli et a l, 1997). 
2.4 Objectives 
While many of the prev ious studi es desc ribed variou s aspects of the Antlers 
Forma tion and aqui fer, to date, there has not bee n a compr ehensive stud y relatin g the 
geo logy of the form ation to the hydro geo log ic prop erties of the aqui fe r. Thu s, the 
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pr imary goa ls of this stud y are to co ndu ct a deta iled anal ys is of the geo logic materi a l 
and hydrogeo log ic properties of the Antl ers Formation and Antlers Aquifer. If 
poss ible. thi s stud y w ill obse rve the outcrop sedim enta ry charac teristics of the 
formation to co nfirm or modify the current depos itional model. 
Prev ious reports have obse rved high va riabilit y in sedim ent sizes. from cla ys 
to co nglomera tes. The prev iously reported hydraulic conducti vitie s have a see min gly 
small range. lt is the hypothes is of thi s stud y that the ac tual range is much large r. Thi s 
will be tes ted using thr ee methods of ca lcul atin g hydraulic co nducti v ity: the Haze n 
Equation. slug tes ts. and speci fic ca pacity tes ts. 
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Chapter 3: Methods 
3.1 Select ion of Study Area 
3.1. l Reviewing Previous Publications 
A study area was se lecte d by reviewing prev iously publi shed studies and 
co unt y repo 1ts for the prese nce of large ve rtic al and horizo ntal ex posure s. Picture s, 
descriptions. and locations of outcrops we re exa min ed to define areas that were 
adeq uate for field investigations. 
3.1.2 Interpreting Topographic Maps 
Prior to any trips to the study area. topogra phic maps were ob tain ed from the 
OGS and USGS. These maps we re exa min ed for topog raphic characteristics that 
mi ght be indicative of usable outcrops . Locations that showe d steep slopes , due to 
eros ion by a rive r or strea m. or roads cutting into hill sides were pro spec tive sites for 
adequa te exposed sectio ns of the formation. 
3. 1.3 Examining Satellite imagery 
Sate llite imagery was also utili ze d to identif y pos sible stud y locati ons. The 
area was exami ned . using Google Earth©_ for indic ations of accessible outcrops. 
These included non-vege tated areas , quarri es. or sites that ex hibited white- or ye llow -
co lored surface so il or sedi ment ; possib ly indicatin g sands on the surfac e. Pin s we re 
placed on these locat ions and noted on map s that we re later used for field 
reco nnaissa nce. 
3./.4 Conduc ting Field Reconnaissance 
Southern Johnston and north ern Marshal l Co untie s were se lect ed as the mo st 
suitabl e for field inves tiga tion after rev iew ing prev iou s public ations , top ogra phic 
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maps. and sa tellite imagery. Field trip s we re tak en to this area to confirm that an 
ade quate numb er of outcrops we re access ible fo r fie ld invest igation. Subsequ ent trip s 
we re conducted to co llec t data and sampl es fo r labora tory analys is. 
3.2 Collect Outcrop Sample s 
One of the goa ls of thi s study was to invest igate the spatia l di stributi on of 
hyd rau lic pro pert ies . This was acco mplished by samplin g outcro ps fro m multipl e 
quadrang les and co unti es within the Antlers outcro p area . 
3. 2. 1 Identifyi ng Ade quate Outcrops 
Adequa te outcro ps we re defi ned as sites that had enough vertical and 
ho rizo ntal expos ure (- 10 fee t wide to over a qu arter of a mil e) to ex hibit Ii tho logic 
changes. Outcrop naming conve ntions are as fo llows: " ame of the Quadrangle 
whe re the site is loca ted .. '·Ou tcrop N um ber". "O utcrop sub numb er" " Lith olog ic 
Un it .. "'Distance fro m the base of the outcro p". For exa mpl e: "Mansv ille 2 .2 Unit #3, 
12 ft."' is a sampl e that was loca ted in the Mansv ille quadrangle, it was the second 
outcrop v isited in the quadrangle, it is the seco nd ve rtica l section that was meas ured, 
the th ird un it fro m the base of the outcro p, and was co llected 12 fee t fro m the base of 
the outcro p. The outcrop number and sub numb er do not have any spatial info rmation; 
instea d, the numb ers indi ca te the chronolog ical order in which the out crop s were 
v isited . 
3. 2. 2 Record ing Outcrop Characteristics 
Characteristics of the outcro ps were recorded pri or to the co llection of sampl es 
includin g the location of the outcro p, dim ensions, co lor(s), sedim entary structur es, 
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litholog ica l desc ript ion , thicknesses. spatial relationship s, and any other not ewo rthy 
fea tur es. Photos we re taken. fro m multipl e angles, at eve ry outcrop . 
3.2.3 Distinguishing lith ologic Units 
Litho log ic unit s we re de fined by chara cteristics such as changes in litho log ies, 
the end of repea tin g laye rs. changes in gra in sizes. or other di stinct fea tur es. A ll 
ju stifi cat ions for di stinguishin g unit s were noted in the fie ld. 
3.2. -1 Collecting Samples 
Sampl es we re co llected fro m eve ry litho logic unit after remov ing the 
wea thered surface to obtain a represe ntati ve sampl e. Sedim ent was removed and 
co llec ted into a plast ic bag that was labeled with the site name. 
3.3 Analyze Grain Size of Samples 
3. 3. 1 Preparing Samp les 
Sampl es we re orga nized into three categori es, base d on es tim ated grain sizes, 
includin g c lay -rich, sand-ri ch, and conglom erat ic. Becau se clay-rich sample s were 
co hesive, they forme d clum ps that were hard to separate. whereas the sand-rich and 
co nglomeratic samples we re less co hes ive and eas ily separa ted wh en dry. 
No d ispersants were used durin g thi s stud y beca use preliminar y tests show ed 
that the partic les could be separated using a (non- chemic al) phys ical proces s. Becau se 
o f the co hes iveness of c lay -ri ch sampl es, a wet-siev ing pro cess was need ed to 
separa te c lump s that wo uld otherwise clog the coarse sieves. This requir ed water and 
a longe r tim e to se parate the grains, as we ll as a lon ge r drying period. To prepare 
sampl es for we t siev ing, clay -rich sampl es were put into a one liter contain er with a 
cap to better separate the clay grain s from each oth er. Several pebble-si zed rock s were 
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added to the conta iner and it was filled halfway w ith water. Th e co nta iner wa s then 
vigo rou sly haken for seve ra l minut es . durin g which water and pebbles fac ilit ated the 
separa tion of gra ins from eac h other. 
3.3.2 Sieving Samples 
The grain- size di stributi ons of the outcrop sampl es were derived from sieve 
analyses co mpleted using six stainless stee l Fie ldm as ter™ sieves hav ing a bro ad 
range of mes h sizes . Sieves inc luded #5 Mesh with 4000µ (-2 <])) openin gs , # 10 Mes h 
w ith 2000 µ (-1 <[)) openin gs. #35 Mes h with 500µ ( I <D) openin gs , #60 Mes h w ith 
250µ (2 <D) openings . # 120 Mes h with 125 µ (3 <D) openin gs, #23 0 Mesh with 63µ (4 
cJ)) openin gs . and a pan at the base to ca tch grain s smaller than 63µ that pass throu gh 
the #230 Mes h. 
The sieves we re stac ked on top of eac h other prior to any sample being 
prepared o that the sampl e could be imm ediate ly poured onto the top sieve. Th e 
sieves we re tacke d w ith the pan on the bottom. followe d by the smallest openin g 
(i.e .. #230 Mes h or 63 µ openin g) in asce ndin g order until the larges t openin g (i.e., #5 
Mes h or 4000 µ openin g) was on top. 
Afte r shakin g, the clay- rich sampl es we re poured onto the coa rse me sh sieve at 
the top of the stac k to beg in the wet-s iev ing proc ess. Durin g wet siev ing of cla y-rich 
sampl es , the bo ttom pan was chec ked to ensure that it was not fillin g w ith wa ter. If 
the bottom pan was nea rly fill ed with water, then the entir e stack was placed into an 
aluminum pan that was lab eled "< 63 µ" . Th e sieves were then remo ve d from the sieve 
pan so that any grain s that passe d throu gh the bottom mesh would be co llec ted. Onc e 
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the sieves we re remove d. the sieve pan was dump ed into the <63 µ aluminum pan. The 
pan was then place d back unde r the sieves and the siev ing conti nued. 
Sand-ri ch or co nglomeratic sampl es did not requir e we t siev ing to separate the 
gra ins. Sampl es were poured onto the top mes h for the sand- rich and co ng lom erati c 
samples that were d ry. and then the cap was added. Wi th the cap on. the stack of 
mes hes and the bot tom pan we re manually shaken for appr ox imately five minut es. 
Sand-r ich and co nglomera tic sampl es we re poured onto the top sieve and passe d 
th rough the sieves using a combin ation of manu al shakin g of the sieve set and manual 
break ing of min or c lum ps. A small amount of wa ter was spraye d onto the sampl es to 
help separa te the sa nd and conglomera tic gra ins durin g the shaking process. 
For a ll sa mples. the finest three sieves (250 µ . 125 µ , and 63 µ) with sedim ents 
had wa ter co ntinuously sprayed on them and sw irled to separat e the fines t grain s. 
Three aluminum pans we re labe led '· 125 µ· ', ' '63 µ", and "<63 ~1" . Af ter siev ing was 
compl ete d. any of the co ntents of the sieves or pan we re poured into the 
co rres pond ing pan. 
3.3.3 D1ying Samples 
Sieve d sampl es we re placed in an aluminum pan and dri ed in a Blue M 
Elec tric Co mp any Stabil- Therm Constant Te mpera tur e Ca bin et that was set at about 
170°C. Afte r the sampl e was suffic iently sieve d, the #5 Mes h (4000µ ) throu gh the 
# 120 Mes h ( 125µ ) were removed and place d on top the ove n to dry with the ambi ent 
hea t emanatin g fro m the uni t. This a llows both the sieves and their contents to dry 
using the ambi ent hea t emanating fro m the ove n. Th e two pans containin g cont ents of 
the #23 0 Mes h (63µ), and F ines pan (<63µ grain s) were placed inside the ove n (as it 
19 
could only hold two pans). Spec ial attention was give n to ensure that the sieves were 
place d on the ove n right side up and in a sturd y loca tion so that the sieves wo uld not 
fa ll. Fo r c lay -ri ch sampl e pans, the drying process could take up to six hours to 
compl ete. 
3.3.-1 Meas uring Mass of Sa mples 
Sampl es were not we ighed (i.e., masse d) prior to siev ing beca use any mass 
from wa ter in the sample wo uld be remove d in the drying process. Prior to any 
meas urements. the mass of the plas tic bags . sieves . and aluminum pan s were not ed so 
that their masses co uld be subtrac ted from the total mass of the sampl e and its 
co ntainer. 
Samp les we re not remove d fro m their co ntainer af ter they we re dri ed. The 
con tainer ( e ither the sieve itse lf or an aluminum pan) was placed on a Denver 
Instrum ent T R 603D Elec tronic Balance with a mass sensitivity of ±0.00 1 g (i.e., ± 1.0 
mg). Mass was reco rded af ter the sca le read ing stabili zed, the mass of the empt y 
co ntaine r was subtrac ted res ulting in the mass of the sampl e in the conta iner. 
This process was repea ted until the mass was meas ured fo r a ll grain sizes in 
the sieves and pans. The co ntents of the sieves and pans we re co llected into two bags : 
one wit h all the gra ins ove r 63 µ and another bag w ith grain s less than 63µ . The bags 
with clay -sized or smaller partic les we re separa ted in case a Lase r Particl e Size 
Analyze r (LPSA) wo uld be used. 
The two bags we re we ighed at the same tim e, and then the ma ss of the bags 
was subt rac ted to calcul ate the mass of the entir e dri ed sampl e. The masses of a l I the 
diff erent sized gra ins we re summ ed and div ided by the fin al weight of the dri ed 
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sampl e. Thi s was done to ensu re that there was no loss of sedim ent. If the difference 
of the weig hts was more than 5%. the process from 3.4.2 to 3.4.3 was repeated . 
3.3.5 Display ing Results 
As the sa mpl es we re being we ighed , the mas s of the contents in eac h container 
we re logged. These data were then imp orted into Microsoft Exce l. The category that 
the sampl e was originally ass igned to (c lay-ric h, sand-rich , or co nglom era tic ) was 
noted. The locatio n. unit, unit loca tion information, and final dried weight (in gra ms) 
of the samp le were added to the spreadsheet. Perce ntages of eac h particle size were 
ca lculated by dividin g the weig ht of the par ticl es from the tota l ma ss of the sample. 
Eq. ( I): 
~ * 1 0 0 
Mr otal 
Equation ( I) 
where. Ms is the mass of the gra ins in the sieve . and M101a1 is the ma ss of the entir e 
samp le. 
The grain -size distribution was defined by subtr ac tin g the perce nta ges of eac h 
size . from the >4000~1 sieve to the <63µ sieve. Table 2 shows an example ca lculation 
for gra in-size di st ributi on of the McMillan 1. I Unit # I ( I ft) . 
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T bl 2 E a e : I . xamp e ca cu ation for grain-size distributio n 
Location 
McMillan 1.1 Unit #1 (1ft) 
Dried Weight (g) 177.911 
Grain Size% 
>4000 Microns 0.000 
2000-4000 Microns 0.000 
500-2000 Microns 0.071 
250-500 Microns 0 .333 
125-250 Microns 39.730 
63-125 Microns 44.970 
<63 Microns 14.545 
Sum 99.649 
Finer than% 
>4000 Microns 100.000 
2000-4000 Microns 100.000 
500-2000 Microns 99.929 
250-500 Microns 99.595 
125-250 Microns 59.866 
63-125 Mi crons 14.896 
<63 Microns 0.351 
A chai1 of the gra in- ize di stribution was made for eac h sample by plotting'" % 
Finer Than·· on the y-ax is ve rsus "Grain Size (In Phi )" on the x-axis. Each grain- size 
distribution curve was sy mb olized using a color that repre sented the categor y to 
which they were ass igned durin g sample preparation ; whereby orange was used for 
clay -rich , green was used for sand-rich , and red for cong lomeratic samples. 
3.3.6 Estimating Hyd raulic Conductivity 
Hydraulic conductivity of the sample s was calcu lated using the Haze n 
equation (Millham & Low es, 1995) , Eq . (2): 
K = C(d10)2 Equation (2) 
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where K is hydraulic co ndu ctiv ity (ft/d). C is a dimen sionless co nstant that is based on 
the so rtin g and grain size o f the sed iments (Ta ble I), and d 10 is the size at w hich I 0% 
of the samp le was fin er (mm) . 
Table 3: Table of values of C (modified from Fetter 2000) , 
Grain Size and Sor ting Value s for C 
Very fine sand. poor!) sorted 40- 80 
Fine sand with a lot of fines 40- 80 
Medium sand. we! I sorted 80- 120 
Coarse Sand. poorly so,1ed 80- 120 
Coarse sand, well sorted. clean 120- 150 
Table 4: Table of values that relate s the effective size of the finest 10% of 
sedim ents (modified from West, 1995) 
Effective Size , d,o 
Material K (cm/sec) (mm) 
Uniform coarse sand 0.4 0.6 
Uniform medium sand 0. 1 0.3 
Clean. well-graded sand and gravel 0.01 0.1 
Uniform, fine sand 4 x I 0-3 0.06 
Well-graded. silty sand and gravel 4 X 10-4 0.02 
Silty sand I x I 0-1 0.0 1 
Uniform silt 5 x I 0-5 0.006 
Sandy Clay 5 x I 0-6 0.002 
Silty Clay I x I 0- 1 0.00 15 
Clay (30- 50% clay size) I x 10-7 0.0008 
The va lue ofd 1o was esti mated by exa minin g the plot of "% Finer Than ' ' on 
the y-axi s ve rsus ··Gra in Size (in Phi)'" on the x-ax is, an d est imating the grai n size, in 
phi , where the curve crosses the I 0% gridline . Gra in size in phi is co nve11ed to 
millim ete rs using the form ula (Krumb ei n, 1938): 
D(mm) = 2 -p hi 
23 
j 
There is no es tablish ed method for estimat ing C. For this project , C was 
esti mated using Table 3. C is highe r for large r or well so rted gra ins, and lowe r for 
fin er or poorl y sorted grai ns. For this stud y, C va lues of 40-80 , 80- 150, and 180 were 
used for c lay-r ich. sa nd-rich. and conglomeratic samples. respec tive ly. 
Once d10 and C were estimated for the samp le, hydrauli c conductivity was 
calcu lated in cm/s usin g the Haze n equat ion, Eq. (2) and converte d into ft/day befor e 
computing minimum, mean, median , maxi mum , and quartiles of the hydra ulic 
conduct ivity va lues. 
3.4 Mea sure Subsurface Hydraulic Properties 
One of the prima ry objectives of this study was to meas ure hydro geo logic 
prop ertie s of the Ant lers Format ion and Aquifer. The propertie s of the aqui fer ca n be 
assessed mo st directl y by condu cting tests on exist ing gro undw ate r wells completed in 
the Ant lers. 
3 . ./.l ld entifj;ing Pot ential Slug Tes/ Sites 
Slug tests invol ve an " instanta neo us" displacement of water in a well and 
mea surem ent of the rate of respon se of the water leve l to the displacement. Slug test 
data are analyze d to calcu late hydra ulic con ducti vity of the aq uifer. Fo r this study , 
slug tests were completed with one -in ch diameter (six feet in length) or two- inch 
diameter (three fee t in length) "s lugs" that were constructed from so lid PVC 
cy lind ers. A " fa llin g-hea d" slug test was used to monitor the change in water leve l 
after instantaneousl y submerging a slug below the static water leve l, and a "risin g-
head " slug test was used to monitor the change in water leve l after instantan eously 
removing the slug fro m the wate r column. 
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A we ll that wo uld be suit able for a slug tes t wo uld need to be in good 
hydr auli c co nnec tion w ith the aquif er. be dee p enough fo r the slug to be full y 
subm erged in the wa ter. have an opening that is large enou gh for a on e or two inch 
diameter slug to be subm erged below the static wa ter leve l, away from an y activ e 
pumpin g so urces so that the di splace ment and recove ry res ult s are not skew ed. The 
OW RB ·s we ll database was queried to identif y suitable (i.e .. mee tin g the crit eria 
desc ribed above) slug tes t sites w ithin the stud y ar ea . 
3 . ./.2 Pe,.forming !he Slug Tes/ 
A fter arriving to eac h we ll site identifi ed for slug tes ting, the following 
proce dur e \,vas used : 
1. Meas ure inner-di ameter of the well cas ing 
2. Measure height of the we ll cas ing and des ignate the measuring point (MP) 
o f the we ll ( i.e .. north facin g point of the well ca sing) 
3. Meas ure depth to the static wa ter level using an e lectronic water-level 
indic ator ( i.e .. So l inst dev ice) 
4 . Meas ure the temp era tur e (°C) and the conducti v ity (microSiemen s per cm 
or µS iem ) o f the we ll wa ter using the e lectroni c water-level indicator. 
5. Set up a press ure tran sduc er (i .e .. In-Situ Leve l Troll 500 s® with pres sure 
limit s o f 30 or I 00 psi) for a test usin g the manufacturer 's software 
int erface (i.e ., Win- situ). Several step s are necess ary for set up includin g 
specif ying a test name such as Wel/N umber_ We/!Name, creating a new log 
such as Wel/Numb er_ Wel!Nam e_DateO.fTheTest_Slug, inputting well 
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information. and specifying the time interval for data collection (for this 
stud y. 500 milli seco nds). 
6 . Submerge a pressure transducer 10 ft or more below the static water level 
and sec ure at the surfac e using a pre-m eas ured rope or chord 
7. Monitor the water leve l. using the pres sure transducer and software 
interfa ce. until it returns to the initial static level 
8. Full y and insta ntan eo usly submer ge the slug below the static water level , 
which is when the pres sure transducer begin s to collect data for the falling -
hea d slug test 
9. Monitor the water leve l. using the pre ssure tran sducer and software 
interfac e. until it returns to the initial static level 
I 0. Instantan eo usly remo ve the slug from the water column , which is when the 
press ure transducer begins to collect data for the rising-head slug test 
11. Monitor the water leve l. using the pre ssure tran sducer and software 
interface . until it return s to the initial static level 
12. Manually stop data collection , using the software interface , after the 
falling-head and rising-head slug tests were completed , and down load data 
onto the laptop 
13. Rai se pre ss ure tran sducer back to the surface , disconnect, and place back 
into its containers. 
14. Clean wellhead and equipment before moving to another site . 
15. Repeat steps 1- 14 at each accessible well 
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Informatio n abo ut the co nstr uctio n of the we ll itse lf is imp ortant to the 
analys is of the slug test da ta . If the info rmation prov ided by the OWRB d id not 
docum ent sc ree ned interva ls or depth s o f the scree ns, then a bor ehole camera was 
lowe red into the we ll. An lnuk tun Crysta lCa m ca mera was used for thi s stud y. Th e 
camera was co nnec ted to a 500ft cab le, which was connected to a monitor indic ating 
the length of cab le that was removed from the spoo l. Length was rese t (i.e., ze roed) by 
pushin g the plu s( +) and minu s( -) butto ns on the uni t to initi ate the menu on the 
monito r. then using the minu s butt on to scro ll dow n the menu to length. By se lectin g 
zero length . the length on the mon itor read 0.0. The camera chord was then pull ed out 
of the spoo l and the ca mera lowe red into the we ll. As the ca mera wa s being lower ed, 
the mo nitor was obse rved to identi fy the charac teristics of the well. Special attention 
was given to the depths and lengths of sc ree ned interva ls and if the we ll cas ing ended 
befo re the base of the we ll. The camera was lowe red until it reached the total depth 
(T D) of the we ll or until the camera reac hed a depth of 500ft (i.e., maximum length of 
ca ble). 
3. -I. 3 Analyz ing Slug Test Data 
Slug tes t data files we re opened in Ex cel, and then the tim e and depth to water 
co lumn s were co pied and pas ted into a wo rkshee t of the Graph er™ l O pro gram (by 
Go lden Softwa re) . High di splace ment correspondin g to the beg innin g of the fallin g-
head slug tes ts and low displace ment co rres pondin g to the beginnin g of the rising-
head slug tes ts we re app arent wh en display ing the data in Graph er. The ma ximum 
va lue of di splacement was se lected in Graph er and used to calculat e displacement 
re lative to the static wa ter leve l at any time, t. 
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Aqtesolv (by Rockware) was used to analyze the slug test data. The 
dimensions for the calculations were selected in Aqtesolv, with length (L) in ft. time 
(T) in sec. and hydraulic conductivity (K) in ft/day. Observed initial displacement 
H(O) is the maximum displacement caused by the insertion or removal of the slug in 
the well. The static water column height (H) is equal to the level depth to water to the 
base of the aqu ifer. If the well is not deep enough to reach the base of the aquifer, then 
the depth to the base was specified as equivalent to the total depth of the 
creened/open interval of the well. For the purposes of this analysis, the well 
coordinates are not requi red to be entered. 
The saturated thickness of the aquifer (b) is the same as H in the previous step 
in unconfined aquifers. The Kv/Kh (Kv = ve1tical hydraulic conductivity, Kh = 
horizontal conductivity) value was set to 0.1 because this is a typical value for the 
anisotropy ratio in a sedimentary aquifer. 
The depth to the top of the wel I screen ( d) is the depth at which the slotted 
intervals in the well begin, which was obtained from the well completion report 
submitted to OWRB or via visual inspection of the well with the downhole camera. 
The length of the well screen (L) is the length of the well that has perforations. The 
transducer depth is the height of the column of water above the transducer , which is 
calculated by multipl ying the static pressure (in psi) by 2.31 to convert to feet of 
water. 
The radius of the well cas ing [r(c)], radius of the downhole equipment [r(eq)]. 
inside radius of packer [r(p)], radius of the well [r(w)], and outer radius of well skin 
[(r(sk)] were entered. Since the same downhole equipment was consistently used 
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throughout thi s study. r(eq) was 0.03 ft. Unless the we ll co mpletion report had the 
co nstru ction in form ation. r(p) was ass um ed to be O and r(sk) was ass umed to be equ al 
to r(w). 
Ass umpti ons we re appli ed includin g that the frictional (v iscous) well loss was 
zero. and effec tive po rosity. n(e). was 0.25. For slug tes ts co mpl eted in an unc onfin ed 
sec tion of the aqui fer. the Bo uv-er-Ri ce ( 1976) method was used to co rrect for 
effec t ive cas ing rad ius. 
3.5 Analyze Specific Capacity Test Data 
Spec ific ca pac ity tes ts are co ndu cted by we ll drill ers to evalu ate the 
pro ductiv ity of a new ly co mpl eted we ll. Drill ers pump a we ll for a known period of 
time at a cons tant rate . w hil e the draw dow n is recor ded . Properties of the aqui fer, such 
as hydrau lic co nductivity , can be es tim ate d by the change in wa ter leve l (i.e. , 
draw dow n) ove r the du ration of pumpin g. Specific capac ity test result s are rec orded 
on so me OW RB we ll logs. The logs co nta in the initi al depth to water prior to the start 
of the test. pumpin g rate. duration of the test. and the dra wdow n of the water leve l in 
the we ll. 
Hydra uli c co nductivity (K) and tra nsmi ss ivity (T) were es tim ated using 
Aqteso lv ' s specifi c ca pac ity tes t ca lcul ator 
(http ://,~,,w.aqte so h.com / loru m/tran scap7 .asp). Th e ca lculator uses a modifi ed 
ve rsion of the Coo per and Jaco b ( 1946) so lution fo r flow into a well in a confin ed 
aquif er, ex presse d by Eq . (3): 
Q - T 
-s - (2.25Tt) 
w 0.183 lo g r(;_,S 
Equation (3) 
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where Q is co nstant rate di scharge (ft3/d), rw is well radiu s (ft), S is storativit y 
(dim ensionl ess . ass um ed to be 0.17 [Morton , 1992]) . Sw is drawd own in the well (ft), 
Ti s the transmi ss ivity (ft 2/d). and ti s tim e (days). 
Eq . (3) can be rea rran ged and so lved fo r T, as shown in Eq. (4). 
{1} r = 0.18 3 _g__ log( 2 ·2; n) 
Sw TwS 
Equat ion (4) 
OWRB reco rds inc lude pumpin g rate in gpm , which mu st be con verted to cubic 
fee t per day (ft 3/d). w hereby 1 gpm = 192. 5 ft3/d. Th e well radiu s (rw) is reported in 
inches and mu st be co nve rted into fee t. Sinc e Ti s on both sides of the equation . the 
ca lcul ator uses techniqu es such as succ ess ive appro ximation to solve for T. 
Tra nsmi ss ivity (T) mu st be div ided by the saturat ed thickne ss of the aquifer to 
es tim ate hyd raulic co ndu ctiv ity (K) at the location of the well. Thickne ss of the 
aqui fe r is ass um ed to be height of the water co lumn abo ve the bottom (i .e., TD) of the 
we ll. which is equi valent to the ac tual aqui fe r thickne ss at well s that fully penetrate 
the aquif er. T his inform ation is ava ilabl e in the con struction section on the well logs. 
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Chapt er 4 : Results 
4.1 Field Results 
-1. l. J Outcrop Locations 
10 outcro p we re identifi ed and describ ed. The maj ority o f outcro ps are 
located on strea m emb ankm ents or hi lls that we re excava ted to construc t roads. The 
terr a in is re lative ly nat so . ge nera lly. limi ted ex pos ures are ava ilab le on the small hills 
in the stud y area. Expos ures adj ace nt to streams pro vided the bes t access to outcrop 
materia l; therefo re. the majo rity of sa mpl es we re co llec ted on stream emba nkme nts. 
Roa d cuts had the smooth es t expos ures and tended to be the bes t areas for mainta ining 
sedim entary stru ctur es. Figure 5 shows the di stributi on of outcrops that were visited . 
• SampledOutcrops 
CJ Study Area 
Antlers Outcrop 
CJ c ounties 
- . . 
,_,, 
• 
" N + 
Figure 6: Location s of v isited and sampled outcrop s in Mar shall , John ston , and 
Carter Countie s 
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./. 1. 2 Outcrop Charac/erisl ics 
The stream outcro ps were up to 50 feet ta ll and ex pose d the formati on for the 
entir e ve rtica l face. The An tlers Form ation was ex pose d fo r a long distance, up to 
one-quarter mil e. at the Mc Mill an # I loca tion. Stream banks we re generall y erod ed so 
that there was a grad ual s lope nea r the top of the embankment, but a nearly ve rtical 
face below. Figure 7 shows one of the larges t strea m ex posures observed. Hill 
expos ures were far less co mm on. and the exposure was usually inadequate to 
acc urately des crib e the fo rmat ion. 
Figure 7: Antlers Formation in the Little Hauani Creek, ju st outside the town of 
McMillan in Marshall County. 
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./.1.3 lithologies 
Sand unit were prevalent in the outcrops, and were predominated by yellow 
to white. and ve ry-fine to fine gra ined. well sorted. and rounded to subrounded quartz . 
The vast majorit y (>95%) of the Antlers outcrop material was composed of 
unc emented quartz sa nds that commonly show ed so me iron staining. Iron appears to 
ac t as a cement and a coat ing , which crea ted unit s of red to orange sand that formed 
··benches·· (F igure 8) indi ca ting greater res istance to weathering than the overlying 
unit s. Iron nodules (F igure 9) up to two inches in diameter were observed where iron 
was prese nt. These nodules were red-brown to black. circular concretions that were 
far more durable than any ot her litho log ic unit. 
The Man ville # 1 (F igure 10) ex posure was exce ptional because it was 
compo sed of only mud or clay. C lays. includin g red. green. and greenish blue colors, 
were present in both lenses and laye rs. Clay laye rs were generally blocky , greenish 
unit s w ith little to no sand content. 
The McM i !Ian # 1 expos ure was exceptional beca use it was comprised of 
conglomeratic mat erial (F igure 11 ). The conglomerates occurred in lenses that were 
one to two fee t wide and six inch es thick. The gra ins were orange to black , with clasts 
up to one inch in diameter. 
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Figure 8: Iron cemented bench (layer with the shovel) from McMillan #4. 
11.4' 
. ~r. 
Figure 9: Iron nodule s from McMillan #4. 
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Figure 11: Conglomerate unit from McMillan #1 
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Ca lcareo us co ncretions we re obse rved in 4 outcrop s. Th ese co ncr etions ranged 
from pebbl e-sized (4- 64 mm diameter) to 76 mm (- 3 in) e longated (i.e ., low 
spheric ity) bould ers that we re white in co lor and rese mbl ed bon es. 
The Rav ia # I ex pos ure was co mpose d mainly of cla y-sized grain s, but also 
had large gy psum crys ta ls. The gy psum crysta ls we re up to 4in e longated, clea r 
crys ta l that litt ered the entir e outcrop. The gypsum did not app ear to originate in the 
outc rop. At thi s tim e the origin of the gy psum is unkn own . 
-I. I. -I Sed imentary Structures 
Horizo nta l laye ring. cross -beddin g, clay and conglom erate len ses, and iron 
sta inin g we re a ll obse rved in the An tlers Formation outcrop materi al. Contact s 
betwee n sedim entary unit s ranged from gradu al to sharp. Hori zonta l layering was the 
mos t co mm only obse rved sed imentary structur e .. with layers of the Antler s showin g 
littl e or no d ip. 
Cross bedd ing (F igure 12) was co mm only obse rved in sand-rich units. Th ese 
cross beds we re ge nera lly unid irec tional, but bidir ec tional bed s dippin g E-S E were 
obse rved at the McMill an #5 ex pos ure. 
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Figure 12: Cross bedding from McM illan #5.4 
Iron appeared to partially cement or lithify the outcrop material in many 
locations. These units weathered less than units with no noticeable cement, and 
formed bench-like features. Rounded iron nodules. up to an inch in diameter. were 
also present in iron-rich locations. The nodules were much more indurated than any 
other sedimentar y structure observed in this study. 
-1.1.5 Fossils 
Petrified wood specimens. ranging in size from 0.25-6 .00in in length, were 
observed in the Antlers Formation at numerous locations. Petrified wood specimens 
observed durin g this study appear to be of only one type of tree (i.e., same species). 
There are no previously published reports that identify petrified wood in this area. 
One small foss ilized bone was found ju st outside the town of McMi llan among 
a pile of small rocks, and it was not in situ. While it is not possible to determine the 
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type of anima l the bone belongs to, with its size and large capillary open ings, it is 
possible that it comes from a medium sized terTestrial creature. 
4.2 Laboratory Results 
-1.2. l Grain Size Distributions 
















-2 -1 0 2 3 4 5 
Grain Sizes (phi) 
Figure 13: Grain size distributions for samples collected from Antlers Formation 
outcrops. Colors are based on the dominant grain size in the sample; orange is 
clay-rich , green is sand-rich, and red is conglomeratic. 
The d 10 for all clay-rich and sand- rich samp les were betwee n 3 phi (0. 125 mm ) 
and 5 phi (0.03 13 111111). These results indi cate that the finest I 0% of gra ins in the 
Antlers Formation are silt s to very -fine sands . 
./. 2. 2 Hydrau lic Cond uctivity_f,-om Grain-Size Distributions 
A summ ary of estimated hydraulic conductivities, using d Io from grain-size 
ana lyses and the Haze n eq uation , are shown in Fig ure 14. Hydraulic conductivity was 
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estim ated for a total of 35 samp les that were sieved. wh ich resulted in hydra ulic 
co ndu ctivi ties w ith a minimum va lue of - 1.19f1/day, mean of - 27. 19 ft/day . median 
of - 9. 1 I ft/da y. and maxi mum of - 198 .86 ft/day. 
Minto 25% 25% to Median • Median to 75th% • 75th % to Max 
10 100 
Hydraulic Conductivity (ft/day) 
Figure 14: Distribution of hydraulic conductivitie s calculated from grain size 
distributions. 
-1.2. 3 Hydraulic Conduc tivity.f rom Slug Tests 
The range of hydraulic co nducti vities from ana lyzed slug tests is show n in F igure 
15. The minimum va lue was 3 .90 1 ft/day and the maxi mum was 9.04 1 ft/day. 
• M1n1mum to Media n • Median to Maximum 
10 
Hydraulic Conductivity (ft/day) 
Figure 15: Hydraulic conductivity results from slug tests. 
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-1.2 .-1 f-lyd rauli c Conduc 1ivi1yfi ·om Spec(/ic Capa ci1y Tesls 
A map of the analyzed spec ific ca pac ity tests loca tions are show n in Figure 16 . 
• 
Hydraulic Conduct ivity (ft/d) 
0 0065 · 05 
0 05 - 1 
e 1 - 5 
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Figure 16: Location s and calculated hydraulic conductivities of specific capacity 
tests that were analyzed from wells completed in the Antlers Aquifer. 
Hydraulic conductiv ity was ca lculated from 33 specific capacity tests. Four 
tests repor1ed no drawdown . Oth ers were not inc luded bec ause of potentia lly incorr ect 
data. 18 tes ts were used for thi s study. The eq uation to ca lculate hydraulic 
conductiv ity can not be used if there is no drawdown. as division by zero wou ld occ ur. 
The minimum value was 0.11 ft/da y, the mean was 6.91 ft/day , the median was 0.71 
ft/da y, and the max imum was 3 1.38 ft/day , as show n in Figure 17. 
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M,n to 25 th % 25 th % lo Median • Median lo 75th % • 75 th % to Max 
0 .10 1.00 10 .00 100 .00 
Hydr a ulic Condu ctivity {ft/day) 
Figure 17: Distribution of hydraulic conductivity values calculated from specific 
capacity tests. 
The results of the calculations from the grain size distribution estimates, slug 
tests and specific capac ity tests compared to each other are shown in Figure 18. 
25% to Median • Median to 75% 
I Grain S12e D1str1but1ons (n= 3S) 
Slug Tests (n=31 
Specof,cCpac,ty Tests (n=1 8) 
0 1 10 100 
Hydr aul ic Condu cti vity (ft / day) 
Figure t 8: Hydraulic conductivity results of grain size distribution, slug tests, 
and specific capacity tests. 
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Chapter 5: Discussion 
Previous hydrogeo logic studies of the Antlers Aquifer resulted in a limited 
number of hydraulic conductivity measurements from the aquifer. With the highly 
variable lithologies that occu r in the formation. it is unlikely that a single value or 
small range of hydraulic conductivities would be adequate to represent the 
heterogeneities of the aquifer. Grain-size distribution and, hence, hydraulic properti es 
can vary substa ntially over sho1t distances (i.e., within a few miles) based on field 
data collection efforts made in this study. 
Previous studies howed no evidence of lithification in the subsurface. While 
there is some petroleum activity. there is lit1le information from petroleum well logs 
because coring is nearly impossible because of the lack of lithification. Even the units 
that have some degree of lithification are poorly indurated and the rocks that could be 
cored would not maintain their cemented nature during transport to the surface. 
one of the outcrops visited during field reconnaissance or sampling efforts exhibited 
exposures of the entire vertical section of the Antlers. While there were locations that 
presented a large section of the formation. it was impossib le to accurately ascertain 
the thickne s of the Antlers. The vegetation. even in the winter months. was too dense 
and prevalent to allow an entire section of the formation to be exposed. 
As previous ly reported. the vast majority of the sediments were fine to 
medium-grained quartz sands. Only a couple of locations had any lithified units, and 
even those were so poorly cemented that the sample would nearly fall apart during 
transportation from the field. Clay-rich and silt-rich layers were also observed, and 
may extend over the entire outcrop or only exist in small lenses. lt was apparent that 
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the clay and silt layers were not cont inuous over the entire formation, as outcrops that 
were located close to each other would have varying amounts of clay content. This 
supports the previous observat ions that the clay layers are not connected, meaning that 
there are no impermeable barriers within the Antlers Aquifer. 
Three regimes of flow velocities were identified in this study based on 
sediment size; high flow velocity (conglomera tes), medium to low velocity (medium 
to fine sands). and very low velocity (silts and clays). The presence of cross bedding, 
as well as clay and conglomerate lenses supports the fluvial interpretation. With the 
sediments being relatively fine (medium sands and finer) in most of the study area, it 
is a reasonable interpretation that the sediments have been transported over a long 
distance from their origin. Some of the contacts with clay layers over sand layers 
indicate a rapid transition from proximal locations (sands) to more distal facies (silts 
and clay ). The clay layers over the sand units suggest that the depositional 
environment could have quickly changed lo deeper water or low energy 
environments. The obse rved conglomerate lenses indicate that there were local 
chan11els of higher energy. 
Determining the depositiona l enviro1rn1ent in the study area is difficult due to 
the lack of avai lable outcrops. However, the observed sedimentary structures may be 
used to postulate potential environments. Cross bedding in most of the formation 
suggests that the Antlers was deposited in an area with fluvial influences . Lenses of 
conglomerates and clays suggest that there were chan11els of high and low energy after 
the deposition of the sands. Contacts ranged from gradual to sharp, indicating that 
deposition versus erosio n transitioned very slowly or rapidly, at the respective 
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contacts. Petrified wood indic ates that the Antlers was deposited, at leas t partiall y, in 
an area that was cond ucive to plant life. Pre viou sly reported foss ils includ e large 
anim als that cou ld on ly have lived in a ter restria l area. However , fish and other 
aqua tic foss ils have also been obse rved in the An tlers. Swa rtz ( 1990) identifi ed 
fossils and trace foss ils in the und erlying Baum Limestone that indi cate shallow 
marine and lac ustrine deposits. These obse rvatio ns require that the depositional model 
include an environ ment that has flow reg imes that range from high to low , is locat ed 
in an area that can support both terres trial and aq uatic life ove r short di stances , and 
can change rapidly or slow ly. 
Based on field obse rva tions, there is no ev idence to conc lude that the 
previou ly es tab lished deltaic and alluvial fan changing to a fluvial domin ated 
depositional environ men t is incorrect. The fining upwa rd sequ ence s that were 
observed. a long wi th the cross bedding and conglomera te lenses , are consistent with 
the alluvia l fan depositional enviro nm ent. Because of the lack of available outcrop s, it 
is beyond the scope of this study to postulate the size or or igin of the fans. How ever, 
the stu dy area is likely in the more dista l sec tions of the fan beca use of the lack of 
coarse gra ined sed iments, which would be expec ted closer to the sediment source . 
Above the clay lenses and conglomerat es were mor e sand-d ominat ed outcrops 
wi th more crossbedding. This supports prev ious observations that the upp er part of the 
Ant lers was more fluvial dominated. 
The Washita river flow s through south ern John sto n Co unty and north ern 
Mar shall Co unty on its way to mergi ng with the Red Rive r on the border between 
Oklahoma and Texas, covering a large area with Quaternary sediment s. Some of these 
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sedim ents ma y over lay the extreme north ern extent of the Antlers , either erodin g or 
covering areas c lose r to the propo sed origin of the alluvia l fans in the Arbuckle 
Mountains . 
The large (>2in diameter) cheti nodul es like ly come from the Arbuck les to the 
north (Hobday et a l, 198 1 ). Chert has been reported in seve ral county report s in 
so uth ern and sout heaste rn Oklahoma. 
Gypsum has never been identified in the Antlers prior to this study. Eva porat e 
minerals have not been previously documented in the Antl ers or unit s dir ect ly 
ove rlying the Antl ers. The origin of gypsum observed in Ravia # I is unknown at thi s 
time . 
Iron sta inin g and ceme ntatio n, obse rved in the Antl ers, also hav e been 
previously reported (H uffm an et a l, 1987), but not studi ed in depth . The exact type of 
iron nod ules and their origin are beyond the sco pe of thi s stud y. It should be noted 
that if iron is cementing and stain ing the sand s of the Antler s in the sub surface as the y 
are in severa l outc rops , then these co uld lead to differ ences in hydraulic conductivity 
and possibly water quality in the aq uifer. Since thi s study did not inves tig ate wa ter 
qual ity, no observa tions on the pot enti a l effects of iron in the aquifer were considered. 
Because of the high va riabi I ity of gra in size in the Antlers Formation (ranging 
from clays to conglomerates). d 10 ranged over thr ee orders of magnitude (0.031-
0. l 25mm) with a corresponding hydraulic conductivity range of 1.19- 198.86 ft/day. 
While there are clay len ses in the Antlers, there is no evidence to sug ges t that the y are 
connected throu ghout the aquif er. The lowe st values that were calculated by the 
Ha ze n equation repre sent the se fine-grained laye rs. This me ans that there may be 
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small areas of the aq uifer that have such low hydraulic condu ctivities , bu t they are not 
a represe ntation of the whole aqui fer. The same ca n be inferred fo r the very high K 
va lues . which res ulted fro m co nglomera tic lenses that we re only observe d in 
McM illan # 1. Beca use of this. it was hypothes ized that the mean or median hydra ulic 
conductivit y calc ulated from the gra in- size dist ributi ons wo uld give an appro ximate 
va lue that wou ld be expec ted in the aqui fe r. To confirm th is, s lug tests we re 
co nducted and spec ific capac ity tes ts were co ndu cted and analyzed to co mp are to the 
K va lues to the va lues calc ulated by the Haze n Eq uation. 
The slug tes ts had a sma ller range of hydraulic co ndu ctiv ities than the ones 
ca lculated by the Hazen Equation (3 .9-9.0 ft/day), and the median was relative ly c lose 
to the media n that was es tim ated fro m the grain- size distributi on calcul ations . The 
smaller range is to be expec ted, as the hydraulic conducti vity is being ca lcul ated 
based on wate r mov ing in and out of the aquife r. The smaller range is a res ult base d 
on the influence of a ll the lith o logies nea r the we ll, so there could be both coarser and 
finer sed ime nts that wa ter has to flow thro ugh. but it is unl ikely that wa ter will 
experience on ly one of those ex tremes. T hree tes ts we re compl ete d for thi s stud y, and 
it is like ly that more tests wo uld be able to more accurately determin e the exac t range 
of hydra ulic condu ct ivity va lues in the Antlers. 
Hydraulic conducti vity va lues der ived fro m specifi c ca pacity test data we re 
lowe r than ex pec ted . The high va lue of 3 1.38 ft/day and mean of 6.9 1 ft/day are we ll 
wi th in ranges for unlithi fied sand s (Schwa rtz and Zhang, 20 03) , but hydraul ic 
conducti vity at seve ral we lls was less than I ft/day. An exa min ation of the well logs 
shows that the we lls are with in the Antlers Aq uifer. These low va lues could , parti a lly, 
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be explained by data entry issues to the OWRB . The comp letion reports that are filled 
out by well drillers include any drawdown tests that were conducted. Often the data 
that is report ed is questionabl e because drawdowns are ve ry large or there is no draw 
down at all. To try and minimi ze the effect of incorrect data in this study , the original 
completion report s were inspec ted, and any repo11s that had questionable data were 
not includ ed. Rega rdles s of the method. the hydraulic conductivity values of 0.87 
ft/day and 3. 75 ft/day that were estimated by Hart and Davis ( 1981) are too low and 
not repre sentati ve of the unconfined sec tion of the Antlers that was examined in thi s 
stud y. 
In this stud y. hydra ulic conductivity of the Antlers outcrop and sha llow 
subcrop in Johnston and Marshall Co unti es, OK was estimated to range from 0.11-
198.86 ft/day . Hydraulic conductivity ranging over three orders of magnitude is 
indicati ve of a heterogeneo us system consisting of clay to conglomeratic sized 
particles. Most locations are sand- dominated. However , there are locations that have 
high clay content or are completely composed of clay. Fie ld observatio ns support the 
previously propo sed depo sitional model of deltaic and fluvial environments. These 
model s also support the observed the large ranges of gra in sizes as these environments 
would introduce the va riable gra in sizes that were observed. The influ ence of these 
ranges in grain s izes on the hydraulic properties ca n be seen in the grain size 
distribution s. The ran ge of hydraulic conductiv itie s that were calcu lated in the slug 
test s and specific capacity indicate that while the aquifer is sand dominated , there are 
areas where the clay content restricts gro undw ate r flow , and the results of the tests are 
more likely representative of the properties of the aquifer. The previously published 
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ranges of hydraulic conductivity are too nan-ow and not representative of the aquifer 
as a whole. 
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Chapter 6: Conclusions 
The Antler Formation is an ear ly Cretaceous sed imentary unit that creates the 
An tlers Aquifer in southern and sou thw es tern Oklahoma. Despite being a major 
source of groundwater, only a coup le of hydrogeo logica l studies have been conducted 
on the aquifer. The municipalities that use the Ant lers for its grou ndwa ter are not very 
populated. so there is littl e co ncern of wa ter runnin g out during a drought. However , 
understanding the prope rties of the aq uife r is important. These studi es concluded that 
there were broad sca le properties that co uld be interpolated for the entir e aqu ifer. 
However. previous reports noted that there is a ve ry large var iabilit y in grain sizes and 
their distributions throughout the formation. even ove r short distances. Because of this 
variabi lity, it was hypot hesized by this stud y that the ranges of hydraulic conductivity 
that were determined by the previous studi es we re not large enough to adequately 
cha racter ize the entir e aq uifer. 
Field investigations confi rmed previously noted characteristics of Antlers 
outcrops. Heavy vegetation obsc ured most of the surface outcrop. making est imati ons 
of thickness imp oss ible. The Antl ers is composed most ly o f sand , but much finer 
sed iments and co nglo mera tes we re also observed . Most outcrops were nearly en tirely 
composed of sand w ith minor amounts of silts and clays, but so me location s we re 
dominated (if not comp lete ly made of) c lay. The clay units were not laterall y 
continuous, eve n between outcrop s separa ted by short distances, so ther e is no 
ev idence that there are any hydraulic barrier s in the aquifer. Sedimentary structure s 
observed included ho rizo ntal beddin g, cross beddin g, clay and co nglomerat e lense s, 
and diff erent contacts betw ee n beds. Sediments were both finin g upward and 
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dow nwa rd th roughout the fo rmation. A depos itional model wo uld have to ex pla in the 
large va riance in sed iment size and sedim entary structur es. Because of these 
obse rva tions. there is no ev idence to change or modify the current depos itional mod el 
of a lluvi um fans. 
Hydrauli c co ndu ctivity was es tim ated thrn ugh thr ee diffe rent tests: the Haze n 
Equat ion . spec ific capac ity tes t. and slug tes ts. Th e Haze n equ ation uses gra in size 
di st ributions to mathematica lly es tim ate hydraulic condu ctivity. 10 outcrop s were 
visited in easte rn Ca rter. south ern Jo hnso n. and northern Marshall Counti es . From 
these outcro ps. 35 sampl es we re co llec ted and sieve d. Th e ca lcul ated hydraulic 
co nductivities were a minimum of- 1. l 9ft/ day, a mea n of - 27.1 9 ft/day, median of 
- 9. 11 ft/day. and max imum of - 198.86 ft/day. Three slug tests we re compl eted and 
had a range of 3.90 1-9.04 1 ft/day. Th e ca lculated hydrauli c co ndu ctivities from the 
spec ific capac ity tes ts we re a minimum of 0.11 ft/day . the mean was 6 .9 1 ft/day , the 
med ian was 0.7 1 ft/day and the max imum was 3 1.38 ft/day The majorit y of the 
hydra uli c co nductivities are w ithin the ran ges of sa nd domin ated aqui fe rs, but the 
large range of va lues indica tes that finer sedim ents are influ encin g groundw ater 
move ment , a lthough to a min or deg ree . 
Prev iously reported ranges of hydrauli c co nducti vity were 0.87 - 3.75 ft/day fo r 
the entir e aqui fer. Base d on the res ult s of the tes ts that we re conduct ed in this stud y, 
this range is too small. Whil e ground wa ter will prob ably not be influenc ed exclu sive ly 
by the ex treme small or la rge sedim ents in an y one locati on, there will be influenc es 
from eve ry sedim ent size. This stud y was conduct ed in a re lati ve ly small section of 
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the Antlers Aquifer, and there was a very large range of hydraulic conductivities . It is 
likely that the rest of the aquifer is similar in this aspect. 
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3 14 <63 Micro11S 
10 1 93 Sum 
Finer than % 
I 00 .00 >4000 Microns 
I 00 .00 2000-400 0 Mtcron 
I 00 .00 500-2000 Microns 
I 00 .00 250 -500 Micro1is 
95.83 125-250 Micro11S 
1.21 63- 125 Microns 
1.93 <63 Micro1is 
Grnin Size% 
0 00 >4000 Microns 
5 04 2000-4000 Mtcron 
0 30 500-2000 Micro,is 
0.62 250-500 Micro1is 
77 12 125-250 Micro1is 
2.80 63- 125 Microns 
I 8. 12 <63 Microns 
104.00 Sum 
Finer than % 
I 00 .00 >4000 Microns 
94 .96 2000-4000 Micron 
95.26 500-2000 Mtcro1 S 
95.88 250-500 Micro1is 
18.76 125-250 Microns 
I 5.96 63-125 Micro1is 

















Locati on Ra, ,a 2 Urnt #2 2 2511 












2000- 4000 Micron 
500-2000 M icro11, 
250-500 icrons 
125-250 Microns 
63- 125 Microns 
<63 Microns 
I.ora tion Rm ia 1 
271 80 Dried Weight (g) 
Cru in Si.1.r% 
4 52 >4000 M icro1l5 
0 49 2000-4000 Micron 
0 8 7 500-2000 Microns 
0 02 250-500 Micro1\'i 
4 38 125-250 Microns 
29 60 63- 125 MICl'Olls 
58 76 <63 M icro1l5 
97 62 SLUn 
Finer than % 
95 48 >4000 Micro1l5 
95 98 2000-4000 Micron 
95 IO 500-2000 Micro,.,, 
95 12 250-500 MicrOll"> 
90 74 125-250 Microns 
6 1 14 63- 125 Microll5 
2.38 <63 Micron.-; 
Lorntion Ra, ,a 2 I 25 fl 
I 98 52 Dr,cd Weight (g) 
Grn in Size% 
0 00 >4000 M ,cro1l5 
I 93 2000-4000 Micro1l5 
I 84 500-2000 M ,crom 
2 3 I 250-500 Microns 
0 69 125-250 Microns 
11 95 63- 125 M,crons 
87 28 <63 MicrOll'i 
10 1 73 Sum 
Finer 1ha11 % 
I 00 00 >4000 M icrrnl'i 
IOI 93 2000-4000 M,crom 
I 00 09 500-2000 M icro1l5 
102 40 250-500 Microm 
IOI 7 1 125-250 M,cro1l5 
89 76 63- 125 Microrr, 
2 48 <63 Microns 
Locatio n McMillan 5 3 Urnt # I 211 Location 1ans"11c I 181! 
Dried We ight (g) 13 7 04 Dr,cd Weight (g) 
C rain Size% 
>4000 Microns 
2000- 4000 Microns 
500-2000 M icro1l5 
250-500 Microns 
125-2 50 Microns 
63- 125 Micro,.,, 
<63 Microns 
Sum 
Finer than % 
>4000 Microns 
2000 -40 00 M ,cro1\'i 
500 -2000 Micro115 
250-500 Microns 
125-2 50 Microns 
63- 125 M ,cro115 
<63 Micro115 
Cra in Si7.£% 
0 00 >4000 Micro1\'i 
0 00 2000-4000 M,cro,i,, 
0 00 500-2000 Microns 
2 50 250-500 Microns 
4 0 1 125-2 50 I ,cro1l5 
7 17 63 -1 25 Microns 
87 06 <63 Micro,l5 
100 73 Sum 
Finer than % 
100 00 >4000 Micrml5 
100 00 2000 -4000 Micro1l5 
I 00 00 500- 2000 M ,crons 
97 50 250-500 Microm 
93 49 125-2 50 Micro1l5 
86 32 63 -12 5 Microns 
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Appendix B: Hazen Equation Results 
Location D10 Phi mm C K(ft /day) 
Mansville I I Oft 4.8 1 0.035 40 1.44 
Mansville I 18 ft 4.82 0.035 40 1.42 
Mansville I 5ft 4.91 0.033 40 1.26 
Mansville 2.1 E Most I ft 3. 12 0.114 150 55.87 
Mansville 2.1 Top of W most 8 ft 3.78 0.072 80 11.94 
Mansvi lie E of W outcrop 14 ft 4.23 0.053 50 4.05 
McMillan 1.1 Cong! 9ft 2.53 0.172 180 152.13 
McMillan 1.1 Unit # I I ft 4.00 0.062 80 8.86 
McMillan I.I Unit #24.5ft 3.64 0.080 150 27.46 
McMillan 1.1 Unit #2 2.5ft 4.79 0.036 40 1.48 
McMillan 1.1 Unit #3 ( 11 ft) 3.43 0.093 150 36.86 
McMillan 1.1 Unit #3 (8ft) 3.55 0.086 150 30.99 
McMillan I. I Basal Cong 2.34 0.197 180 198.86 
McMillan 1.2 Ba al Clay 4.75 0.037 40 1.56 
McMillan 1.2 Unit #2 4 ft 3.66 0.079 150 26.56 
McMillan 1.2 Unit #4 Cong 4.56 0.042 180 9.11 
McMillan 1.2 Unit #4 Top 2.57 0.169 150 121.32 
McMillan 3 Unit #2 14ft 4.38 0.048 50 3.27 
McMillan 3 Unit # I 10 ft 3.86 0.069 80 10.72 
McMillan 5.1 Unit # I I ft 4.00 0.062 40 4.41 
McMillan 5. 1 Unit # I I ft 3.66 0.078 150 26.52 
McMillan 5.2 Unit #2 1.5ft 4. 19 0.055 80 6.83 
McMillan 5.2 Unit #2 1.5ft 4. 14 0.057 50 4.54 
McMillan 5.3 nit # l3ft 4.52 0.043 50 2.70 
McMillan 5.3 Unit #] 15 ft 4.43 0.047 40 2.46 
McMillan 5.3 Unit #2 8 ft 4.38 0.048 80 5.26 
McMillan 5.4 Unit # I I ft 3.86 0.069 80 10.72 
McMillan 5.4 Unit #3 11 ft 4.00 0.062 150 16.57 
McMillan 5.4 Unit #3 2ft 3.98 0.064 80 9.17 
McMillan 5.4 Unit #3 6ft 3.00 0.125 150 66.07 
McMillan 5.4 Unit #3 8ft 3. 13 0.115 150 55.87 
McMillan 5.3 Unit #2 8ft 3.55 0.085 150 30.99 
Ravia I 4.95 0.032 40 1.188 
Ravia 2 Unit #2.2 25 ft 4.87 0.034 40 1.33 
Ravia 2.1 25 ft 4.78 0.036 50 1.88 
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